INTRODUCTION {#h0.0}
============

*Helicobacter pylori* is a Gram-negative bacterium that colonizes the stomach in about half of the world's population ([@B1], [@B2]). Persistent *H. pylori* infection is a risk factor for the development of gastric cancer or peptic ulcer disease ([@B3][@B4][@B5]). Adverse disease outcomes associated with *H. pylori* infection occur predominantly in persons infected with strains that produce an effector protein known as CagA ([@B6], [@B7]), which is translocated into host cells through a type IV secretion system (T4SS) ([@B8], [@B9]). The *cagA* gene and genes required for T4SS-dependent secretion of CagA are located within a 40-kb region of the *H. pylori* chromosome known as the *cag* pathogenicity island (*cag* PAI) ([@B10][@B11][@B14]). CagA is the only protein known to be secreted by the *H. pylori cag* T4SS. Upon entry into host cells, CagA causes alterations in cell signaling that are linked to gastric carcinogenesis ([@B15][@B16][@B18]). *H. pylori*-induced gastric inflammation also contributes to carcinogenesis. *H. pylori* can stimulate gastric epithelial cells to produce and secrete interleukin-8 (IL-8 \[a proinflammatory cytokine\]) through a T4SS-dependent, CagA-independent process associated with peptidoglycan entry into host cells ([@B9], [@B19]).

T4SSs are a versatile family of secretion systems found in a wide variety of bacterial species ([@B20][@B21][@B22]). Three main functional categories of T4SSs are recognized: conjugation systems, effector translocator systems, and DNA release/uptake systems ([@B20]). Effector proteins or DNA-protein complexes can be delivered into many types of recipient cells, including mammalian cells, plant cells, fungi, or other bacteria. Examples of DNA-translocating T4SSs include the VirB/VirD4 system found in *Agrobacterium tumefaciens* (which translocates T-DNA into plant cells, causing crown-gall disease) and plasmid conjugation systems (such as the *Escherichia coli* pKM101-encoded Tra system). Effector protein-translocating T4SSs are exemplified by the Dot/Icm systems in *Legionella* and *Coxiella* and the *H. pylori cag* T4SS. Studies of T4SSs from *A. tumefaciens* and plasmid conjugation systems have revealed the existence of a transmembrane channel known as the core complex ([@B23][@B24][@B26]). The T4SS core complex encoded by the *E. coli* pKM101 conjugative plasmid is composed of three proteins, VirB7/TraN, VirB9/TraO, and VirB10/TraF, which are organized into a ring-like structure, 18.5 nm in diameter, with 14-fold symmetry ([@B24], [@B25]). In comparison to the structural organization of T4SSs that mediate conjugative transfer of DNA, relatively little is known about the structural organization of T4SSs that translocate effector proteins.

Among 18 genes within the *H. pylori cag* pathogenicity island (PAI) that are required for *cag* T4SS-dependent phenotypes ([@B9]), several encode proteins that share some sequence relatedness to components of T4SSs in other bacterial species. Notably, the level of sequence conservation is low, and nine of the *cag* PAI genes required for CagA translocation are unique to *H. pylori*, with no obvious homologs in other bacteria ([@B13], [@B27]). This suggests that there are important differences between the *H. pylori cag* T4SS and T4SSs in other bacterial species. Models for the structural organization of the *H. pylori cag* T4SS have been proposed ([@B13], [@B28][@B29][@B30]), but there are numerous limitations and controversial features of the current models, due to a lack of detailed biochemical and structural data. In this report, we describe isolation of the *H. pylori cag* T4SS core complex, biochemical analyses of its composition, and single-particle electron microscopy (EM) analysis of its structure. We show that the *H. pylori cag* T4SS core complex contains proteins that are unrelated to components of T4SSs in other bacterial species and that the architecture of the *H. pylori* core complex differs considerably from that of previously studied T4SS core complexes.

RESULTS {#h1}
=======

Purification of CagF and copurification of additional Cag proteins. {#s1.1}
-------------------------------------------------------------------

Previous studies have shown that the *H. pylori* cagA effector protein interacts with another *cag* PAI-encoded protein, CagF ([@B31][@B32][@B33]). CagF is required for CagA translocation into eukaryotic host cells, and it has been proposed that CagF is a chaperone for CagA ([@B31][@B32][@B33]). We hypothesized that the CagF-CagA complex physically interacts with components of the *cag* T4SS machinery and that the CagF-CagA complex could be used as bait for purifying subassemblies of the *cag* T4SS. To test this hypothesis, we generated three *H. pylori* strains that produced hemagglutinin (HA) epitope-tagged forms of CagF; two (HA-CagF and Δ*cagF*/HA-CagF) produced CagF with an N-terminal tag, and one (CagF-HA) produced CagF with a C-terminal tag (see [Fig. S1a](#figS1){ref-type="supplementary-material"} and [b](#figS1){ref-type="supplementary-material"} in the supplemental material). The HA-CagF and CagF-HA strains retained the endogenous *cagF* gene (encoding an untagged form of CagF), whereas the Δ*cagF*/HA-CagF strain encoded only the tagged form of CagF. All three strains retained the ability to induce IL-8 secretion in human gastric epithelial (AGS) cells, indicating that the *cag* T4SS is functional in each of these strains (see [Fig. S1c](#figS1){ref-type="supplementary-material"}).

We immunopurified HA-tagged CagF from lysates of the three *H. pylori* strains using a monoclonal HA antibody, and an untagged wild-type (WT) strain was processed in parallel as a negative control. SDS-PAGE and silver stain analyses showed distinct proteins in preparations derived from the strains producing HA-tagged CagF that were absent in preparations from the untagged WT control strain (see [Fig. S1d](#figS1){ref-type="supplementary-material"} in the supplemental material). Immunoblotting showed that CagF and CagA were immunopurified from the strains producing HA-tagged CagF, whereas neither of these proteins was immunopurified from the untagged WT control strain ([Fig. 1](#fig1){ref-type="fig"}). We then immunoblotted the samples with a panel of antibodies against several components of the *cag* T4SS and found that Cag3, CagT, CagM, CagX, and CagY copurified with CagF and CagA ([Fig. 1](#fig1){ref-type="fig"}). Since similar results were obtained with all three strains producing HA-tagged CagF ([Fig. 1](#fig1){ref-type="fig"}), we conducted subsequent experiments using strains producing CagF with an N-terminal HA tag (either HA-CagF or Δ*cagF*/HA-CagF).

![Analysis of proteins that copurify with CagF. Immunoblot analysis of preparations immunopurified from three strains producing HA-tagged CagF using a monoclonal HA antibody and of a control preparation from an untagged WT strain that was processed in parallel. Samples were immunoblotted with the indicated antisera. Results are representative of at least two independent experiments.](mbo0061526180001){#fig1}

Analysis by mass spectrometry indicated that the seven Cag proteins described above (CagF, CagA, Cag3, CagT, CagM, CagX, and CagY) were the most abundant proteins in preparations derived from the HA-CagF-producing strain and that each of these proteins was enriched in preparations from the HA-CagF-producing strain compared to a control preparation from the untagged WT strain ([Table 1](#tab1){ref-type="table"}; see also [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material for complete results). The copurification of several *H. pylori* proteins encoded by genes outside the *cag* PAI and produced at high levels by the bacteria ([Table 1](#tab1){ref-type="table"}) most likely reflects nonspecific interactions ([@B34]).

###### 

Cag proteins that copurify with HA-CagF

  Identified protein       Gene number[^b^](#ngtab1.2){ref-type="table-fn"}   Assigned spectral counts[^a^](#ngtab1.1){ref-type="table-fn"}   
  ------------------------ -------------------------------------------------- --------------------------------------------------------------- ----
  CagA                     HP0547                                             178                                                             0
  CagF                     HP0543                                             56                                                              1
  CagX                     HP0528                                             40                                                              0
  CagM                     HP0537                                             38                                                              0
  Cag3                     HP0522                                             44                                                              0
  CagT                     HP0532                                             26                                                              0
  CagY                     HP0527                                             18                                                              0
  No. of Cag spectra                                                          400                                                             1
  No. of non-Cag spectra                                                      69                                                              23
  Total no. of spectra                                                        469                                                             24

An *H. pylori* strain producing HA-tagged CagF (HA-CagF) was grown in liquid culture, and HA-CagF was immunoaffinity purified using a monoclonal anti-HA antibody. An untagged wild-type strain (WT) was processed in parallel as a control. The protein content of these preparations was analyzed by the use of Multidimensional Protein Identification Technology (MudPIT). The list of *H. pylori* proteins identified was filtered via IDPicker 3.0 using a \<5% peptide false-discovery rate (FDR) and a minimum of 2 distinct peptides per protein. The table shows numbers of peptides matched to individual *H. pylori* proteins and lists *cag* PAI-encoded proteins. The complete results are shown in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material.

Genbank accession number NC_000915.

The immunopurifications described above were performed using lysates of *H. pylori* grown in liquid culture. CagA is not actively secreted by the bacteria under such conditions, but *H. pylori* contact with gastric epithelial cells triggers translocation of CagA into the epithelial cells ([@B8], [@B35]). We hypothesized that *H. pylori* contact with gastric epithelial cells leads to activation of the *cag* T4SS, possibly resulting in altered interactions of the CagF-CagA complex with T4SS components. Therefore, we cocultured AGS gastric epithelial cells with HA-CagF-producing *H. pylori* (Δ*cagF*/HA-CagF) and purified HA-CagF from lysates of the coculture. AGS cells cocultured with untagged WT bacteria were processed in parallel as a negative control. Mass spectrometry analysis revealed that preparations isolated from the coculture contained the same seven Cag proteins detected in the earlier experiments (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). Low levels of several other Cag proteins were also detected (see [Table S2](#tabS2){ref-type="supplementary-material"}). Importantly, Cag3, CagT, CagM, CagX, and CagY reproducibly copurified with CagF and CagA in experiments conducted with either bacterial cell-epithelial cell cocultures or bacterial liquid cultures.

Isolation of a Cag protein complex. {#s1.2}
-----------------------------------

To investigate whether the proteins copurifying with CagF were constituents of one or more protein complexes, we analyzed immunopurified samples prepared as described above by velocity sedimentation in glycerol density gradients. Immunoblot analysis indicated that Cag3, CagT, CagM, CagX, and CagY cosedimented in the bottom fractions of the gradient (i.e., in the high-molecular-mass fractions) ([Fig. 2a](#fig2){ref-type="fig"}). This result provides evidence that Cag3, CagT, CagM, CagX, and CagY are components of a large protein complex. CagA and CagF were detected in the first fraction (taken from the top of the gradient), separately from the other Cag proteins, suggesting that CagF and CagA dissociate from the larger complex during gradient centrifugation. Mass spectrometry analysis of the gradient fractions ([Fig. 2b](#fig2){ref-type="fig"}; see also [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material) confirmed that Cag3, CagT, CagM, CagX, and CagY were all distributed in the same gradient fractions (supporting the conclusion that these are components of a protein complex), whereas CagF and CagA were found predominantly in fractions from the top of the gradient ([Fig. 2b](#fig2){ref-type="fig"}). Each of the non-Cag proteins present in the sample was detected predominantly in the first fraction (taken from the top of the gradient) instead of the fractions containing Cag3, CagT, CagM, CagX, and CagY ([Fig. 2b](#fig2){ref-type="fig"}). Thus, the stringent conditions of the glycerol density gradient allowed purification to homogeneity of a large stable complex of Cag proteins distinct from CagA, CagF, and non-Cag proteins ([Fig. 2b](#fig2){ref-type="fig"}; see also [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material).

![Sedimentation of *H. pylori cag* T4SS core complex in density gradients. (a) Preparations resulting from immunoaffinity purification of HA-CagF were analyzed by velocity sedimentation in glycerol density gradients, and gradient fractions (collected from the top of the gradient) were immunoblotted with the indicated antisera. In, input sample before it was applied to the gradient. Results are representative of two independent experiments. (b) The protein content of gradient fractions was analyzed by 1D mass spectrometry (see [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material for complete results). The distribution of CagF, CagA, Cag3, CagT, CagM, CagX, CagY, and total non-Cag proteins in individual gradient fractions is shown.](mbo0061526180002){#fig2}

Cag3, CagT, CagM, CagX, and CagY are all known to be required for T4SS function, including translocation of CagA into host cells ([@B9], [@B36]). Cag3, CagM, and CagT are unique to *H. pylori* and do not exhibit sequence relatedness to constituents of T4SSs in other bacteria, whereas CagX and CagY are orthologs of the VirB9/TraO and VirB10/TraF components of core complexes in DNA-translocating T4SSs ([@B13]). Therefore, we reasoned that the Cag protein complex isolated in these experiments corresponds to the *cag* T4SS core complex.

Analysis of complexes formed by mutant strains. {#s1.3}
-----------------------------------------------

We hypothesized that several of the Cag proteins identified in the immunopurification experiments would be required for assembly or stability of the core complex, whereas others would be nonessential for core complex assembly (despite being required for T4SS function). For example, the Cag proteins that have orthologs in T4SSs of multiple bacterial species are likely to be required for core complex formation, whereas proteins unique to *H. pylori* (Cag3, CagT, and CagM) might be dispensable. To test this hypothesis, we analyzed mutant strains in which *cagY*, *cagX*, *cagT*, *cag3*, and *cagM* were individually deleted, and each mutant was engineered to produce HA-CagF, thereby permitting isolation of the core complex. Consistent with the results of previous studies ([@B9]), these five mutant strains were unable to induce IL-8 secretion in AGS cells (indicating the absence of a functional *cag* T4SS) ([Fig. 3a](#fig3){ref-type="fig"}). We also generated a *cagA* mutant strain that expressed HA-CagF, and, consistent with previous results ([@B9]), this strain retained the capacity to induce IL-8 secretion ([Fig. 3a](#fig3){ref-type="fig"}). We then sought to isolate Cag protein complexes from the mutant strains by immunopurifying HA-tagged CagF (using the method shown in [Fig. 1](#fig1){ref-type="fig"}) and analyzed the resulting preparations by immunoblotting. In experiments performed with Δ*cagX* or Δ*cagY* mutants, we successfully purified CagF and CagA but were unable to copurify core complex components ([Fig. 3b](#fig3){ref-type="fig"} and [c](#fig3){ref-type="fig"}), despite evidence that these proteins were present in lysates from these mutants (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). Similarly, in an experiment performed with the *cagA* mutant strain, we successfully purified CagF but were unable to copurify any components of the core complex ([Fig. 3b](#fig3){ref-type="fig"} and [c](#fig3){ref-type="fig"}). In contrast, we were able to immunopurify multiple Cag proteins as well as CagF and CagA from the Δ*cag3*, Δ*cagT*, *and* Δ*cagM* mutant strains. In experiments performed with the Δ*cag3* strain, all components of the core complex (except Cag3) copurified with CagF and CagA. Preparations immunopurified from the Δ*cagT* strain lacked Cag3 and CagT, and preparations immunopurified from the Δ*cagM* strain lacked Cag3, CagT, and CagM ([Fig. 3b](#fig3){ref-type="fig"} and [c](#fig3){ref-type="fig"}). These experiments provided evidence that incomplete protein complexes can assemble in the absence of Cag3, CagT, or CagM ([Fig. 3b](#fig3){ref-type="fig"} and [c](#fig3){ref-type="fig"}).

![Immunopurification of HA-CagF from a panel of *cag* mutant strains. (a) AGS cells were cocultured with the WT strain or the indicated mutants, and IL-8 secretion was quantified by enzyme-linked immunosorbent assay (ELISA). "AGS" indicates cells without added *H. pylori*. Values represent means ± standard deviations (SD), based on analysis of at least six replicate samples. Levels of IL-8 production induced by mutant strains were compared to levels induced by the WT strain (analysis of variance \[ANOVA\] followed by Dunn's multiple-comparison test). \*, *P* \< 0.001. (b) HA-CagF was immunoaffinity purified from the strains analyzed in panel A. The affinity-purified samples (immunopurification \[IP\] elution) were then immunoblotted with the indicated antisera. Strains are designated at the top of the panel, and antisera are designated at the right side of the panel. (c) Summary of results from the experiments presented in panel B, indicating the presence or absence of Cag proteins in the preparations immunopurified from mutant strains. Results are representative of three independent experiments.](mbo0061526180003){#fig3}

Ultrastructure analysis of the core complex. {#s1.4}
--------------------------------------------

We next analyzed the ultrastructure of the *cag* T4SS core complex. *H. pylori* strain HA-CagF (containing an intact *cag* PAI) was grown in liquid culture, complexes were isolated using the CagF-based immunopurification procedure, and the resulting complexes were visualized using negative-stain single-particle EM. EM analysis revealed homogeneous ring-shaped complexes, characterized by well-defined central and outer rings ([Fig. 4a](#fig4){ref-type="fig"}). We also used negative-stain single-particle EM to analyze fractions of a glycerol gradient to which the immunopurified sample had been applied, and detected the ring-shaped complexes in the gradient fractions that contained Cag3, CagT, CagM, CagX, and CagY but not in the fractions collected from the top of the gradient (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). Since the gradient fractions containing these five Cag proteins were free of other non-Cag proteins ([Fig. 2b](#fig2){ref-type="fig"}; see also [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material), this result provides evidence that the complexes visible by EM were composed of Cag proteins.

![Negative-stain EM analysis of the *H. pylori cag* T4SS core complex. (a) Representative negative-stain images of WT *cag* T4SS complexes purified from a strain with an intact *cag* PAI that was engineered to produce HA-CagF. (b) Representative negative-stain images of WT *cag* T4SS complexes purified from an HA-CagF-producing strain (Δ*cagF*/HA-CagF) cocultured with AGS cells. (c) Class averages (Class Avg) showing an *en face* view and a side view of WT complexes. (d) Representative negative-stain images of *cag* T4SS complexes purified from a Δ*cag3* strain engineered to produce HA-CagF. (e) Class averages of the *cag* T4SS complex purified from a Δ*cag3* strain. (f) Representative negative-stain images of *cag* T4SS complexes purified from a Δ*cagT* strain engineered to produce HA-CagF. (g) Class averages of the *cag* T4SS complex purified from a Δ*cagT* strain. Numbers of particles used for generating each average are shown in upper left corner of panels. All scale bars represent 25 nm.](mbo0061526180004){#fig4}

CagA is not actively secreted during *H. pylori* growth in liquid culture, but coculture of *H. pylori* with gastric epithelial cells is a trigger for translocation of CagA into host cells ([@B8], [@B35]). Therefore, although we did not detect substantial changes in the protein composition of the immunopurified samples in response to epithelial cell contact (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material), we hypothesized that the structural organization of the complexes might change when *H. pylori* contacts gastric epithelial cells. To investigate this possibility, we cocultured AGS gastric epithelial cells with HA-CagF-producing *H. pylori*, purified HA-CagF from lysates of the coculture, and then analyzed the immunopurified core complexes by negative-stain EM. The protein complexes isolated from *H. pylori*-AGS cocultures were similar in appearance to the complexes isolated from *H. pylori* liquid cultures, but the complexes isolated from cocultures were present in relatively low abundance and had a less homogeneous appearance (suggestive of degradation) than complexes isolated from liquid cultures ([Fig. 4b](#fig4){ref-type="fig"}). Similarly, the complexes in fractions collected from glycerol gradients had suboptimal morphology and exhibited increased clumping compared to complexes in preparations that were not passed through a gradient (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). Consequently, all of the subsequent experiments focused on complexes isolated from *H. pylori* grown in liquid culture without use of gradient procedures.

To further characterize the structural features of the complexes, we collected a data set containing a larger number of particles, classified them into 10 class averages using reference-free alignment (see [Fig. S4a](#figS4){ref-type="supplementary-material"} in the supplemental material), and then selected five of these as references for an additional round of reference-based alignment (see [Fig. S4a](#figS4){ref-type="supplementary-material"} and [b](#figS4){ref-type="supplementary-material"}). This analysis revealed well-defined classes, corresponding to *en face* and side views of the T4SS complex ([Fig. 4c](#fig4){ref-type="fig"}). The *en face* class shows a well-defined complex, 41 nm in diameter, composed of a central and outer ring connected by short linkers. The central ring is 19 nm in diameter. Fourteen linkers or "spokes" connect the central and outer ring. The side view reveals a stalk-like structure about 40 nm in length, most likely corresponding to the central ring seen in the *en face* views, that extends away from the ring-like portions of the complex.

Ultrastructure analysis of complexes formed by mutant strains. {#s1.5}
--------------------------------------------------------------

The immunoprecipitation analyses of mutant strains shown in [Fig. 3](#fig3){ref-type="fig"} suggested that incomplete complexes could be formed in the absence of Cag3, CagT, or CagM ([Fig. 3b](#fig3){ref-type="fig"} and [c](#fig3){ref-type="fig"}). To investigate these incomplete complexes further, we applied the CagF-based immunopurification procedure to these mutant strains and then analyzed the resulting complexes by negative-stain EM. We first imaged preparations derived from the Δ*cagX* mutant (containing CagA and CagF but not any components of the core complex, based on immunoblotting results) ([Fig. 3b](#fig3){ref-type="fig"} and [c](#fig3){ref-type="fig"}). Consistent with the absence of core complex components detectable by immunoblotting, we did not visualize any ring-like structures in these preparations.

We then imaged complexes isolated from the Δ*cag3* mutant (lacking Cag3 but containing CagX, CagY, CagT, and CagM, based on immunoblot analysis results). The complexes detected in these preparations contained a well-defined ring, but there was a marked reduction in peripheral content and no evidence of a well-organized outer ring ([Fig. 4d](#fig4){ref-type="fig"}). To further characterize the structural features of complexes purified from the Δ*cag3* mutant, we collected a data set of particles and generated class averages (see [Fig. S4c](#figS4){ref-type="supplementary-material"} and [d](#figS4){ref-type="supplementary-material"} in the supplemental material). These averages revealed *en face* views of a 19-nm-diameter ring ([Fig. 4e](#fig4){ref-type="fig"}). Unlike images and classes of wild-type T4SS core complexes, the 2D class averages of complexes isolated from the Δ*cag3* mutant contained no outer ring or connecting spokes ([Fig. 4e](#fig4){ref-type="fig"}). The absence of peripheral components in complexes from the Δ*cag3* mutant without any obvious perturbation of the 19-nm-diameter ring provides evidence that Cag3 is localized to the periphery of the complex. To further test this hypothesis, we immunolabeled purified WT core complexes as well as complexes from the Δ*cag3* mutant with primary polyclonal antibodies reactive to Cag3, followed by a secondary antibody conjugated to 5-nm-diameter gold particles. Imaging of the labeled wild-type complexes by negative-stain EM revealed gold particles in the periphery of the complexes, but no gold particles were associated with the central ring ([Fig. 5a](#fig5){ref-type="fig"}). Mutant complexes lacking Cag3 were not labeled with gold particles ([Fig. 5b](#fig5){ref-type="fig"}), demonstrating the specificity of the immunolabeling. These immunogold EM results corroborated the conclusion that Cag3 is a peripheral component of the *cag* T4SS core complex.

![Localization of Cag3 by immunogold labeling and negative-stain EM. Negative-stain EM images of WT core complexes, isolated from a strain with an intact *cag* PAI (a) or a Δ*cag3* mutant (b) and subjected to immunogold labeling with primary anti-Cag3 antiserum followed by 5-nm-diameter-gold-particle-conjugated secondary antibodies, are shown. Arrowheads indicate representative gold particles. Images are representative of results from three independent experiments. Scale bar, 25 nm.](mbo0061526180005){#fig5}

We also imaged complexes isolated from the Δ*cagT* mutant (lacking both Cag3 and CagT). Similarly to complexes isolated from the Δ*cag3* mutant, the complexes isolated from the Δ*cagT* mutant contained a single well-defined ring but no well-organized outer ring ([Fig. 4f](#fig4){ref-type="fig"}). The Δ*cagT* mutant complexes were less abundant than the Δ*cag3* mutant complexes. In order to characterize the structural features of complexes purified from the Δ*cagT* mutant, we collected a data set of particles and generated class averages (see [Fig. S4e](#figS4){ref-type="supplementary-material"} and [f](#figS4){ref-type="supplementary-material"} in the supplemental material). The *en face* views indicate that the diameter of the ring in complexes from the Δ*cagT* mutant is similar to the diameters of the rings in complexes from the Δ*cag3* mutant and WT strains ([Fig. 4g](#fig4){ref-type="fig"}), but the ring in complexes from the Δ*cagT* mutant appears to have a reduced thickness. Unlike images and classes of wild-type T4SS core complexes, the 2D class averages of complexes isolated from the Δ*cagT* mutant contained no outer ring or connecting spokes ([Fig. 4g](#fig4){ref-type="fig"}). Immunogold labeling of CagT was attempted using complexes purified from WT and Δ*cagT* strains; however, the results were inconclusive due to the nonspecific binding of the anti-CagT polyclonal antibody under these conditions. We also analyzed preparations derived from the Δ*cagM* mutants (which lack Cag3, CagT, and CagM) but were unable to visualize any ring-shaped complexes in these preparations. The absence of detectable ring-like complexes in preparations from the Δ*cagM* mutant could be due to a reduced stability of these complexes, or, alternatively, ring-shaped complexes may fail to assemble in the absence of CagM. Collectively, the structural differences between mutant and WT complexes, combined with specific antibody labeling, confirm that the ring-like structures seen by negative-stain EM correspond to the T4SS core complex.

DISCUSSION {#h2}
==========

In this report, we describe the isolation and analysis of a T4SS core complex composed of five different proteins encoded by the *H. pylori cag* pathogenicity island (CagX, CagY, CagM, CagT, and Cag3). Previous studies have detected interactions among several of these Cag proteins ([@B30], [@B37][@B38][@B39]), but the results reported here represent the first successful efforts to isolate and analyze the structure of a complex containing these proteins. Multiple lines of evidence indicate that the complex visualized by EM is composed of Cag proteins. Specifically, glycerol gradient fractions free of contamination from non-Cag proteins contained complexes detectable by EM (see [Fig. S3](#figS3){ref-type="supplementary-material"} and [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material), mutant strains lacking Cag3 or CagT formed complexes with a morphology different from that of wild-type complexes ([Fig. 4](#fig4){ref-type="fig"}), and Cag3 was detected as a component of the complexes by immunogold staining ([Fig. 5](#fig5){ref-type="fig"}).

Each of the 5 protein components of the core complex (CagX, CagY, CagM, CagT, and Cag3) is required for *cag* T4SS-dependent phenotypes, including CagA translocation into host cells and induction of IL-8 secretion by gastric epithelial cells ([@B9]). Most of these proteins are also required for production of T4SS-associated pilus structures at the bacterium-host cell interface ([@B36]). Previous studies have localized all 5 of these proteins at the outer membrane of *H. pylori* ([@B10], [@B34]). CagX and CagY exhibit low-level sequence relatedness to VirB9 and VirB10 components of T4SSs in other bacterial species, but CagM, CagT, and Cag3 are not closely related to any other bacterial proteins. Sequence analysis of CagT suggests that it may be a lipoprotein, leading to the suggestion that it may be a VirB7 homolog ([@B14]). CagA exhibits a high level of sequence variation in comparisons of *H. pylori* strains from different geographic areas, but, in contrast, there is relatively little phylogeographic variation in sequences of the five core complex components ([@B10]).

The methodology used in this study for isolating the *H. pylori cag* T4SS core complex relied on immunopurification of CagF, a *cag* PAI-encoded protein that binds the CagA effector protein ([@B31][@B32][@B33]). Importantly, velocity sedimentation experiments performed with glycerol gradients indicated that CagF and CagA are not integral components of the core complex. The CagF-based purification strategy conducted with a *cagA* mutant strain failed to yield core complex components, which suggests that CagA directly interacts with the core complex. The interaction of CagA (and possibly CagF) with the core complex is presumably relatively weak, as expected for an interaction of an effector protein with secretion machinery.

The CagF-based immunopurification strategy led to successful isolation of core complexes when applied to bacteria grown in broth culture (a condition under which CagA is not actively secreted), as well as when applied to bacteria cocultured with gastric epithelial cells (a condition that promotes CagA translocation into the epithelial cells). These results indicate that the core complex is assembled prior to *H. pylori* contact with host cells and CagA translocation. We speculate that CagA is bound to assembled core complexes, ready to be translocated as soon as the bacteria receive the appropriate signal. The molecular mechanisms that regulate CagA secretion (i.e., inhibition of secretion during bacterial growth in broth culture and activation of secretion when *H. pylori* contacts gastric epithelial cells) remain poorly understood.

EM analysis of the isolated core complexes revealed homogeneous ring-shaped structures, 41 nm in diameter, characterized by a central ring connected to an outer ring by thin spoke-like linkers ([Fig. 6a](#fig6){ref-type="fig"}). The presence of 14 visible spoke-like linkers in the class averages suggests that the complex may have 14-fold rotational symmetry, but three-dimensional (3D) structural analysis will be required for an accurate assessment of the symmetry. A side view of the complex reveals a long stalk-like domain 40 nm in length that likely corresponds to the central ring seen in the *en face* view. Since all of the core complex components identified in the current study (CagX, CagY, CagT, CagM, and Cag3) have been detected previously on the external surface of *H. pylori* or as components of the outer membrane ([@B30], [@B34]), we propose that the complex is associated primarily with the outer membrane.

![Schematic model of the *H. pylori cag* T4SS core complex. (a) Prominent features of the complex include an outer ring (light blue) and central ring (red) connected by 14 spokes (dark blue). Analysis of complexes from mutant strains suggests that Cag3 and CagT are localized to the periphery of the intact wild-type complex. (b) Comparison of the diameters and components of T4SS core complexes from *H. pylori*, *E. coli*, and *L. pneumophila*.](mbo0061526180006){#fig6}

Analyses of complexes isolated from a Δ*cag3* mutant strain, along with immunogold labeling experiments, indicate that Cag3 is localized to the periphery of the core complex. Specifically, the complexes formed by the Δ*cag3* mutant strain (containing CagX, CagY, CagM, and CagT, based on immunoblot analysis results) have an intact 19-nm-diameter ring but exhibit a significantly reduced overall diameter compared to wild-type complexes, attributable to loss of the outer ring and spoke-like linkers. We speculate that the substantial loss of peripheral components in complexes from the Δ*cag3* mutant reflects not only the absence of Cag3 but also an alteration in the structure of residual peripheral components so that they are structurally disordered and no longer visible by EM. Complexes isolated from a Δ*cagT* mutant strain (containing CagX, CagY, and CagM, based on immunoblot analysis results) also contained an intact 19-nm-diameter ring and exhibited a loss of visible peripheral components. The complexes from the Δ*cagT* mutant appeared similar to the Δ*cag3* complexes except that the ring appeared to have a reduced thickness. The incomplete complexes derived from Δ*cag3* or Δ*cagT* mutant strains might correspond to intermediate or premature stages in the assembly process that leads to formation of the complete core complex.

Previous studies have analyzed the 3D structure of the T4SS core complex encoded by the *E. coli* pKM101 conjugative plasmid, which is composed of three proteins, VirB7/TraN, VirB9/TraO, and VirB10/TraF ([@B24]). The pKM101 T4SS core complex is organized into a ring-like structure, 18.5 nm in diameter, with 14-fold symmetry ([@B24]) and is localized primarily to the outer membrane. Core complexes isolated from the *A. tumefaciens* VirB/D4 T4SS are similar in size (about 20 nm in diameter) ([@B40]). Therefore, the *H. pylori cag* T4SS core complex (41 nm in diameter) is substantially larger in size than either the pKM101-encoded core complex ([@B25]) or *A. tumefaciens* core complex ([@B40]) ([Fig. 6b](#fig6){ref-type="fig"}). Moreover, the *H. pylori* core complex is composed of five Cag proteins, whereas core complexes from the pKM101 and *A. tumefaciens* T4SSs contain only three (VirB7/TraN, VirB9/TraO, and VirB10/TraF) ([@B24], [@B25]) ([Fig. 6b](#fig6){ref-type="fig"}). Despite these differences in size and overall architecture, it is notable that 14 linkers or spokes connecting the central ring to the outer ring could be visualized in the class average of *H. pylori cag* T4SS complexes, which suggests that the *cag* T4SS core complex may have 14-fold rotational symmetry similar to that of the pKM101 core complex. It is also notable that the central ring of the *H. pylori cag* T4SS core complex has a diameter (19 nm) similar to those seen with the T4SS core complexes of *E. coli* and *A. tumefaciens* ([@B24], [@B40]), suggesting that the overall structural organization may be conserved.

Only two components of the *H. pylori cag* T4SS core complex exhibit sequence similarity to components of previously studied T4SS core complexes. Specifically, CagX and CagY exhibit sequence relatedness to VirB9 and VirB10 ([Fig. 6b](#fig6){ref-type="fig"}). We propose that CagX and CagY are localized to the central ring of the *cag* T4SS core complex. Consistent with this view, the complexes isolated from Δ*cag3* and Δ*cagT* mutants contained CagX and CagY and had intact rings (with diameters similar to that of the central ring of WT complexes) but lacked the structurally organized outer ring and connecting spokes visualized in WT T4SS complexes.

The exact composition of core complexes in effector protein-translocating T4SSs has not previously been determined for most bacterial species, though the *Legionella* Dot/Icm core complex is reported to contain at least five proteins (DotC, DotD, DotF, DotG, and DotH) ([@B41]). Recently published EM images of the *Legionella* Dot/Icm T4SS core complex indicate that it is organized as a circular structure 38 nm in diameter ([@B41]). Thus, the size of the *H. pylori* core complex analyzed in the current study is more similar to that of the *Legionella* Dot/Icm core complex than to those of *Agrobacterium* or pKM101 core complexes ([Fig. 6b](#fig6){ref-type="fig"}). Another notable similarity between the *H. pylori cag* and *Legionella* Dot/Icm T4SSs is that the core complexes of the two systems have constituents not widely conserved in T4SSs of other bacterial species. Three *H. pylori* core complex constituents (Cag3, CagM, and CagT) seem to be unique species-specific adaptations, and three *Legionella* core complex constituents (DotC, DotF, and DotD) are absent from T4SSs in most other bacterial species. The *H. pylori cag* T4SS translocates CagA across the plasma membrane of gastric epithelial cells, whereas the *Legionella* Dot T4SS translocates several hundred effector proteins across endosomal membranes in eukaryotic cells. The existence of specialized adaptations in *H. pylori* and *Legionella* T4SS core complexes is consistent with the considerably different functions of the T4SSs in these two species.

In future studies, it will be important to investigate the molecular mechanisms by which the *H. pylori cag* T4SS mediates CagA translocation into host cells. One possibility is that CagA may pass directly through the central pore visible within the core complex. Analysis of the crystal structure of CagA (amino-terminal residues 1 to 876) indicates that it has dimensions of 8 by 11 by 5.5 nm ([@B17]), so either a folded CagA protein or an unfolded CagA protein could conceivably fit through the \~10-nm pore of the core complex. The mechanisms by which CagA enters host cells after translocation across the bacterial envelope remain a topic of inquiry. T4SS-associated pili assembled at the bacterium-host cell interface presumably contribute to the entry of CagA into host cells ([@B42][@B43][@B44]), and it has been suggested that binding of CagA to phosphatidylserine or integrins on the surface of host cells also may be important for entry into host cells ([@B18], [@B45]).

In summary, this report provides the first in-depth analysis of the *H. pylori cag* T4SS core complex, which has a key role in the pathogenesis of *H. pylori*-associated gastric diseases, including gastric cancer. The results show that the *cag* T4SS core complex is considerably larger and more complex than core complexes from conjugative T4SSs. Finally, the results highlight the existence of unique species-specific components of the *H. pylori cag* core complex, which presumably represent specialized adaptations optimized for type IV secretion in the human gastric mucosal environment.

MATERIALS AND METHODS {#h3}
=====================

*H. pylori* culture methods and construction of mutants. {#s3.1}
--------------------------------------------------------

For descriptions of the *H. pylori* culture methods and construction of mutants, please refer to [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material.

Isolation of the *H. pylori cag* T4SS core complex. {#s3.2}
---------------------------------------------------

*H. pylori* strains were grown in liquid culture for 16 h (resulting in values of optical density at 600 nm \[OD~600~\] of 0.4 to 0.8). Bacterial cells were pelleted at 3,300 × *g* for 15 min at 4°C and resuspended in radioimmunoprecipitation assay (RIPA) buffer (1% NP-40, 0.25% deoxycholate, 10 mM HEPES, and 100 mM NaCl \[pH 7.0\] supplemented with 1 mM phenylmethylsulfonyl fluoride \[PMSF\] and protease inhibitors \[Complete Mini Protease Inhibitor tablet; Roche\]) for initial experiments or in RIPA buffer containing 300 mM NaCl for experiments involving electron microscopy and density gradients. The bacterial suspensions were sonicated on ice and incubated for 1 h at 4°C, and the bacterial lysates were then centrifuged (21,000 × *g*) to pellet insoluble material. Monoclonal anti-HA antibodies were noncovalently linked to protein G Dynabeads (Invitrogen) and incubated with the clarified bacterial lysates at room temperature for 30 min. Beads were washed three times at room temperature with the same buffers used for bacterial lysis, and proteins were selectively eluted with wash buffer containing 200 µg/ml HA peptide (YPYDVPDYA; GenScript). To isolate the core complex from *H. pylori* cocultured with gastric epithelial cells, subconfluent AGS cells were cocultured with *H. pylori* (multiplicity of infection \[MOI\] of 100) for 4 h. After rinsing with phosphate-buffered saline (PBS) to remove nonadherent bacteria, adherent bacteria and epithelial cells were resuspended in RIPA buffer, and the protocol described above was used.

Glycerol gradients, Western blotting, and mass spectrometric analysis. {#s3.3}
----------------------------------------------------------------------

For details on glycerol gradients, Western blotting, and mass spectrometric analysis, please refer to [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material.

Negative-stain electron microscopy. {#s3.4}
-----------------------------------

Samples were prepared for EM as previously described ([@B46]). In brief, 5-µl aliquots of samples were absorbed to a glow-discharged 400-mesh copper grid covered with carbon-coated collodion film. Grids were washed in four drops of water and then stained with two drops of uranyl formate (0.75%). Samples were imaged on a Morgagni electron microscope (FEI, Hillsboro, OR) operated at an acceleration voltage of 100 kV and equipped with a 1kx1k charge-coupled-device (CCD) camera (ATM). Images were recorded at a magnification of ×28,000. Images used to generate class averages were collected using a TF20 electron microscope (FEI, Hillsboro, OR) equipped with a field emission gun with an acceleration voltage of 200 kV under low-dose conditions at ×62,000 magnification and a defocus value of \~1.5 µm on a 4kx4k Gatan Ultrascan CCD camera.

Class average generation. {#s3.5}
-------------------------

Images were converted to mrc (mixed raster content) and binned using a value of 2, resulting in images of 3.5 Å/pixel. For alignment and averaging, 445, 416, and 149 images of wild-type complexes, Δ*cag3* complexes, and Δ*cagT* complexes, respectively, were selected with Boxer and windowed with a 180-pixel side length (63 nm). Image analysis was conducted with Spider ([@B47]). The images were rotationally and translationally aligned and subjected to 10 cycles of multireference alignment and K-means classification. For analysis of wild-type complexes, particles were classified into 10 class averages and then 5 representative classes were chosen as references for multireference alignment. For analysis of Δ*cag3* complexes, particles were classified into 20 class averages and then 4 representative projections were chosen as references for another cycle of multireference alignment. For analysis of Δ*cagT* complexes, particles were first classified into 10 class averages and then 3 representative projections were chosen as references for another cycle of multireference alignment.

Immunogold labeling of protein complexes. {#s3.6}
-----------------------------------------

For details on immunogold labeling of protein complexes, please refer to [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material.

SUPPLEMENTAL MATERIAL {#sm1}
=====================

###### 

Generation of *H. pylori* strains that produce HA-tagged CagF. (a) Schematic of plasmids encoding epitope-tagged forms of CagF (with either an N-terminal or C-terminal epitope HA tag). The sequences were introduced into the *H. pylori ureAB* chromosomal locus, yielding strains designated HA-CagF or CagF-HA, respectively. The HA-CagF and Cag-HA strains retained the endogenous *cagF* gene (encoding an untagged form of CagF). We also generated a Δ*cagF*/HA-CagF strain, which encodes only the tagged form of CagF. In this strain, the endogenous copy of *cagF* was deleted, and a gene encoding HA-CagF was introduced into the urease locus. (b) Immunoblotting of the indicated strains with an anti-HA antibody showed the production of HA-tagged forms of CagF. (c) AGS cells were infected with the wild-type (WT) strain or the indicated strains producing HA-tagged CagF, and IL-8 production was quantified by ELISA. AGS indicates results for cells without added *H. pylori*. Values represent means ± SD, based on analysis of at least six replicate samples. Levels of IL-8 production induced by mutant strains were compared to levels induced by the WT strain (ANOVA followed by Dunn's multiple-comparison test). \*, *P* \< 0.001. (d) SDS-PAGE and silver stain analysis of preparations immunopurified from strains producing HA-tagged CagF (using a monoclonal HA antibody) and analysis of a control preparation from an untagged WT strain that was processed in parallel. Download
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Figure S1, TIF file, 0.4 MB

###### 

Analysis of Cag protein production in a panel of *cag* mutant strains. Immunoblotting of whole-cell lysates from mutant strains, each expressing HA-CagF from a gene in the urease locus, with the indicated antisera. HspB (a GroEL heat shock protein) was analyzed as a loading control. Strains are designated at the top of the figure, and antisera are designated to the right of the figure. Arrows indicate immunoreactive bands corresponding to Cag proteins, and other bands correspond to cross-reactive proteins. Two CagF bands correspond to the tagged and the untagged forms of the protein. Download
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Figure S2, TIF file, 0.5 MB

###### 

Negative-stain EM analysis of glycerol gradient fractions containing the *cag* T4SS core complex. Preparations resulting from immunoaffinity purification of HA-CagF were analyzed by velocity sedimentation in glycerol density gradients as shown in [Fig. 2](#fig2){ref-type="fig"}, and gradient fractions were analyzed by negative-stain EM. (a) Representative negative-stain EM images of fraction 1 (top of the gradient), which contains CagA and CagF but no core complex components. (b) Representative negative-stain EM images of fraction 6 (near bottom of the gradient), which contains *cag* core complex components. Fraction 1 contained no complexes as visualized by EM (a), while *cag* T4SS complexes were observed in images taken from fraction 6 (b). Scale bar, 25 nm. Download
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Figure S3, TIF file, 0.6 MB

###### 

Negative-stain 2D class averages of WT *cag* T4SS complexes and complexes purified from Δ*cag3* or Δ*cagT* mutant strains. (a) Reference-free alignment of 445 particles isolated from an HA-CagF-producing strain with an intact *cag* PAI into 10 classes. Five classes (marked with %, @, \$, \#, and & symbols) were chosen as references for an additional round of multireference alignment. (b) Result of reference-based alignment. (c) Reference-free alignment of 416 particles isolated from a Δ*cag3*/HA-CagF-producing strain into 20 classes. Four classes (marked with %, @, \$, and \# symbols) were chosen as references for an additional round of multireference alignment. (d) Result of reference-based alignment. (e) Reference-free alignment of 149 particles isolated from a Δ*cagT*/HA-CagF-producing strain into 10 classes. Three classes (marked with %, @, and \$ symbols) were chosen as references for an additional round of multireference alignment. (f) Result of reference-based alignment. Numbers of particles used for generating each average are shown in upper left-hand corner of the panels. Side length of panels, 63 nm. Download
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Figure S4, TIF file, 2.2 MB
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Proteins that copurify with HA-CagF.
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Table S1, XLSX file, 0.01 MB

###### 

Proteins that copurify with HA-CagF when *H. pylori* ΔcagF/HA-CagF is cocultured with AGS cells.
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Table S2, XLSX file, 0.02 MB
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Protein composition of fractions resulting from the sedimentation of an HA-CagF-immunopurified sample in a density gradient.
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Table S3, XLSX file, 0.01 MB
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Supplemental Materials and Methods. Download
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Text S1, DOCX file, 0.2 MB
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